Abstract: Food intake can infl uence neuronal functions through different modulators expressed in the brain. The present review is a report through relevant experimental fi ndings on the effects of choline, a nutritional component found in the diet, to identify a safe and effective dietary solution that can offer some protection against neurotoxicity and neurological disorders and that can be implemented in animals and humans in a very short period of time.
Introduction
Neuroscience research includes attempts to improve the quality of life by discovering nutritional solutions for physiological and clinical problems from infancy to old age. One of the major concerns is the exposure of soldiers to neurotoxic agents during conflict. Neurotoxicity may arise from exposure to weapons of mass destruction, such as weaponized anticholinesterases, to prophylactic compounds such as pyridostigmine, to insecticides, pesticides, combustion products and even pharmaceuticals. A highly desirable solution consists of a safe neuroprotective treatment that military personnel could implement before exposure to these agents, without impairing physical and mental performance. Studies on the effects of choline, an organic dietary micronutrient and precursor of acetylcholine (ACh), on neuroplasticity in animals have revealed that dietary supplementation with choline is neuroprotective, while defi ciency of choline promotes neurotoxicity [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
Choline and diet
Choline was discovered by Adolph Strecker in 1864 and experimentally synthesized in 1866. It is found in supplementary forms, including ACh, phosphatidylcholine (PC), choline chloride, choline bitartrate, choline inositol, choline succinate [13] and choline alfoscerate [18] . Also called vitamin J, choline is classifi ed as a member of the vitamin B complex. In 1998, the Food and Nutrition Board of the Institute of Medicine (USA) considered choline an essential water-soluble nutrient in the animal and the human diet [19] . Although choline can be produced by the liver, it must be consumed through the diet to maintain health of humans and animals [20] [21] [22] . In the US Department of Agriculture (USDA) Nutrients Databases (available at: http:// www.ars.usda.gov/nutrientdata. 2008), examples of foods particularly high in choline are listed, including vegetables (spinach, potato, cauliflower, tomato, banana, orange, lentil, bean, pea, almond, nut, peanut, and amaranth), cere-als (brown rice, soybean products, bean curd, oats, corn, sesame seed, barley, flax seed, wheat germ, and quinoa), and meat (liver, muscle meats, fi sh, chicken, milk, and egg yolk) [23] . The minimum daily requirement for choline has not been determined yet, but the Food and Nutrition Board of the National Institute of Medicine (USA) in 1998 recommended approximately 500 mg/day for adult humans (550 mg/day for men and 425 mg/day for women) [24] .
Choline demand differs depending on age, sex, weight and state of health (in mg/day): pregnant women, 450; infants < 6 months, 125; infants 7-12 months, 150; children 1-3 years, 200; children 4-8 years, 250; children 9-13 years, 375 [24] . A recent study by Zeisel and colleagues found that postmenopausal women with low estrogen levels deprived of a minimum dose of choline developed liver or muscle damage [25] . Choline is safe for adults when used appropriately. However, consumers of high choline may have side effects like sweating, increased salivation, gastrointestinal pain, diarrhea, nausea, vomiting, feeling faint or dizzy, low blood pressure, depression, and a fi shy body odor. A high intake of choline may also be responsible for colon adenomas and breast cancer in women [26] but not for colorectal cancer in men [27] . To avoid any risk, daily consumption of choline should not exceed the tolerable upper intake level for choline [24] .
Choline functions
After ingestion, choline enters different metabolic pathways: it is converted to PC or oxidized to betaine in the liver or transformed into ACh in the brain. In conditions of deficiency, choline is redistributed from the kidney, lung and intestine to the brain and liver [28, 29] . Choline has a wide spectrum of actions. As a constituent of PC, it is critical for the synthesis of membrane phospholipids and is important for cell formation as well as tissue growth and repair [30, 31] . Food and Nutrition Board of the Institute of Medicine (USA) found that choline is absorbed into the circulation and transported across the blood-brain barrier at a rate proportional to its serum concentration [24] .
In addition, as a basic component of the neurotransmit- [19, [32] [33] [34] .
The neurochemical mechanisms underlying the action of choline remain elusive. In Alzheimer's disease, choline acts on cerebral blood flow through vasodilatation, activating the α7 nicotinic receptor on sympathetic nerves [35] .
Responses in spatial memory tasks induced by choline supplementation are associated with anatomical [36, 37] , biochemical [38] , and physiological [39] [40] [41] changes of neurons in the hippocampus and the basal forebrain regions involved in learning and memory. In pregnant rats, choline supplementation increases basal and metabotropic glutamate receptor-stimulated phospholipase D activity in the hippocampus of the offspring [42] . The effects of choline supplementation on memory of the offspring are related to increased brain choline and ACh release. Morphological changes in cellular structures during early brain development have long-term effects on neuronal excitability: choline reduces the threshold for long-term potentiation (LTP) [43] [44] [45] , increasing the sensitivity of CA1 hippocampal neurons to LTP stimulation [46] . Choline, in the forms of PC and sphingomyelin, is responsible for maintenance of the structural and the functional integrity of cells. Altered PC content, accumulation of ceramide and diacylglycerol, and caspase activation are typical markers of choline defi ciencyinduced apoptosis [36, 37] . Choline-derived betaine resynthesizes L-methionine from homocysteine, maintaining low levels of homocysteine, which may be benefi cial in cardiovascular and neurological disorders.
The neurotoxicity caused by N-methyl-D-aspartate (NMDA) antagonists has been demonstrated [47] [48] [49] . Prenatal choline supplementation makes offspring resistant to MK-801 exposure, with enhanced learning and memory capacities, although the underlying mechanism remains still unknown [1] . The interaction between NMDA antagonists and the cholinergic system may be important for blocking the neurotoxicity due to convulsants, because drugs with mixed anticholinergic and NMDA antagonistic actions may hold special promise for use against nerve agentinduced seizures.
Studies have also demonstrated the role of choline in the morphogenesis and development of the central nervous system (CNS), as in neural tube closure and hippocampal development, which facilitates neuroplasticity and improves cognitive functions such as learning and memory in the offspring of choline-fed mothers [50] [51] [52] [53] [54] [55] [56] . The mechanisms for these effects may involve DNA methylation, altered gene expression, and changes in stem cell proliferation and differentiation [41, [57] [58] [59] [60] [61] [62] [63] [64] .
How do cells respond to rapid application of choline in the diet?
Dietary choline exerts its actions via nicotinic α7 receptors in the brain [65] . Through α7 receptors, choline increases calcium levels in human and mouse neurons [66] [67] [68] [69] , resulting in a cascade of metabotropic effects. In 1997, Alkondon et al.
reported that low levels of choline desensitize α7 receptors.
They showed that α7 receptors mediate fast synaptic transmission in rat hippocampal interneurons and that through this effect, they cause phasic fi ring of interneurons, which excites or inhibits CA1 pyramidal neurons [70] [71] [72] [73] [74] . Since 1997, the protective role of α7 nicotinic receptors has been revealed in extreme conditions such as excitotoxicity, ethanol exposure, withdrawal of nerve growth factor, hypoxia, and aging disorders [75] [76] [77] [78] [79] [80] [81] [82] [83] . The proposed mechanism is the inhibition of calcium influx after desensitization of these receptors by an α7 agonist [84] .
A recent literature suggests that nicotinic agonists may be neuroprotective, but the mechanisms have not been elucidated. In 1986, Morley and Garner showed that dietary choline increases the concentration of α-bungarotoxin binding sites in 60-day-old rats [85] . They subsequently showed that this increase in nicotinic receptors is dosedependent and attributable to choline supplementation [86] .
This work was extended by Coutcher et al. [87] who showed that dietary choline increases nicotinic binding sites without altering muscimol or fl unitrazepam binding, suggesting that this change is selective for nicotinic receptors.
Furthermore, choline and its metabolites are important for the structural integrity of cell membranes during neurogenesis and synaptogenesis, which could persist for the lifespan. Alteration of cellular structures during early brain development can have long-term effects on neuronal excitability [88] [89] [90] .
Zeisel reported [91] and reviewed [21] the benefi cial effects of choline on liver functions: lipoprotein transport, hepatic metabolism, water balance, regulation of apoptotic signaling in liver cells, suppression of hepatic inflammation [92] , and carcinogenesis [93] [94] [95] . Choline is also recognized as a methyl donor for methionine formation and in the synthesis of essential compounds like folic acid and vitamin B12 [96] . It prevents gallstones [97] . Besides, its role in the transformation of homocysteine in the blood helps to prevent cardiovascular problems [98] [99] [100] [101] [102] and osteoporosis [103] . In addition, choline assists in health-threating pathologies like type II diabetes, anemia, respiratory distress [104] , viral infections [105, 106] , and traumatic injury [11] . Finally, choline has a considerable role in animal and human reproduction [107, 108] .
Choline restriction effects
Not all people have an adequate intake of choline [19, 109] .
Very few people have diet devoid of choline, but since its major sources are eggs and beef liver [24] , people who avoid eggs and liver to control their lipid profi le may be somewhat choline-defi cient. Choline defi ciency may also have a higher incidence in athletes, vegetarians, over-consumers of hard drugs and alcohol, those allergic to choline, third world populations [110] , and to a greater extent, in the vulnerable people such as patients having by-pass surgery, cirrhosis, or anti-convulsants therapy.
Dietary choline deficiency may cause health problems such as liver dysfunction [111, 112] , compromised memory and other brain functions [16, 17, 113] , as well as altered osteogenesis and hematopoiesis [114] . Choline deficiency is also linked to high risks of cardiovascular and circulatory problems [115] , hypertension, respiratory distress, and infertility. Dessau and Oleson reported that choline deficiency causes renal injury which provokes vascular syndrome through the autonomic nervous system [116] . In addition, convincing data show that dietary choline changes alter cerebrospinal fluid choline levels [117, 118] . Three weeks of choline defi ciency diet treatment reduces plasma choline levels in humans [19] . An interesting fi nding by Klein et al. is that prolonged choline defi ciency produces problems in re-establishing choline plasma levels, even if choline is restored by a mechanism of brain choline uptake-release [119] . However, choline defi ciency is indicated a high level of liver alanine aminotransferase. .
However, mechanisms re-establishing choline levels may be neuroprotective in specific brain areas in choline deficiency conditions. Mellott et al. have reported a compensatory mechanism of ACh synthesis even in low prenatal choline conditions. This involves increases in the mRNA levels of the high-affinity choline transporter in specifi c brain areas [126] . Besides, Raubenheimer et al. have found increases in the mRNA levels of PC and of enzymes involved in free fatty acid esterifi cation in the liver in mice under choline-deprivation conditions [127] .
Why investigate this chemical as a neuroprotectant?
The These effects include modulation of learning and memory in spatial and temporal tasks, regulation of synaptic potentiation, and protection against neurotoxins [1, 14, [128] [129] [130] . Behavioral changes in rats prenatally exposed to choline may be attributed to choline-dependent changes in hippocampus [10] .
Using Golgi staining, Meck et al. found increases in dendritic branching and spine density in the granule cells of the dentate gyrus and in CA1 and CA3 pyramidal cells in rats prenatally supplemented with choline [131] . Furthermore, hypertrophy of cortical neurons in the prefrontal cortex has been reported in rats prenatally supplemented with choline [90] . All these findings imply that prenatal choline supplementation is valuable for brain function. Moreover, the prenatal protection against MK-801 neurotoxicity afforded by dietary choline continues beyond the juvenile period into adulthood [2] . Meck and Williams found that early choline dietary supplementation has long-lasting effects on memory capacity and attentional processes throughout the lifespan [12] . Choline exposure during the prenatal and the perinatal periods influences cholinergic organization during brain development, modifying the distribution and size of cells in the basal forebrain [132] [133] [134] . Glenn et al. have provided evidence that prenatal choline supplementation preserves hippocampal plasticity which still occurs even at 2 years of age [135] . Furthermore, it has been suggested that early dietary intervention may reduce the severity of fetal alcohol effects [5] [6] [7] [8] [9] .
The molecular effects of prenatal choline intake have been revealed as changes in the expression levels of genes encoding signaling proteins in some regions important for cognitive functions, such as the hippocampus and the cortex of adult rats. A supplemented diet increases calcium/ calmodulin (CaM)-dependent protein kinase (CaMK) I in the cortex and the transcription factor Zif268/EGR1 in the cortex and the hippocampus, while deficiency increases CaMKIIβ, protein kinase Cβ2, and GABA(B) receptor 1 levels in the hippocampus [126] . In 2008, some studies identified choline's modulation of growth factor content as a likely crucial aspect of its neuroprotective effects. Between postnatal days 18 and 80, higher levels of insulin-like growth factor II (IGF2) and IGF2 receptor (IGF2R) are measured in the frontal cortex and the hippocampus of the offspring after prenatal choline supplementation, stimulating endogenous ACh release and enhancing cholinergic neurotransmission [136] . Another study demonstrated that prenatal choline supplementation increases object exploration in young females, accompanied by increased levels of vascular endothelial growth factor and neurotrophin-3 in the hippocampus [135] . Furthermore, it can improve motor performance in a mouse model of Rett syndrome through striatal nerve growth factor [137] , and protect against kainic acid neurotoxicity, enhancing cognitive functions through brain-derived nerve growth factor [3] .
It has been widely demonstrated that MK-801 exposure causes specific neurodegenerative responses in piriform cortex (Pir), amygdala, dentate gyrus (DG), entorhinal cortex, and the most affected retrosplenial cortex (RSC) in a dose-dependent manner [138] [139] [140] [141] . A more recent study [142] has investigated the extent to which choline protects One conclusion from this study is that it is critical to ensure an adequate level of choline in the diet. The optimal period for dietary choline supplementation is not known yet, but longer exposure which more closely resembles the normal dietary pattern is more effective postnatally, especially for defi cient diet. The animal studies that tried this all showed protection by postnatal supplementation with choline. In a study by Holmes et al. [146] , choline supplementation before or after kainic acid-induced status epilepticus protected rats from memory defi cits induced by the seizures.
There is reasonable justification for using choline supplementation in postnatal conditions. In adult animals, a low dietary intake of choline results in loss of memory functions, while choline-supplemented diet diminishes the memory impairment [147, 148] . Different studies have demonstrated that postnatal administration of choline in adult rats increases ACh synthesis [149, 150] . Alterations/decline of memory may be inhibited by preservation of synaptic structures in choline-supplemented postnatal 90-day-old mice [150, 151] .
The effects of short-term choline administration on memory in normal humans have also been investigated. In normal college students, PC (25 g) causes a significant improvement in memory [152] . Modest improvements in a memory test have been reported in Alzheimer patients treated with 25 g/day PC for 6 months [153] . This effect may depend on when choline is made available, before or after neurological disorders or insults. It has been found that choline ameliorates the physical and the mental performance of athletes [154] [155] [156] [157] [158] . Choline is used to synthesize the neurotransmitter ACh, which is needed to keep muscles active. Daily intake of choline is associated with positive effects like vigor and less fatigue before and after athletic performance in students [159] . In one study, 2 grams of choline before exercise prevented the low levels of choline associated with prolonged physical activity.
Choline as a therapy
Because of the critical role of choline in the brain, dietary supplementation has been modestly attempted as a therapy for a number of diseases. An intriguing study by Wecker et al. [160] showed that dietary or parenteral cho-line supplementation in rats prevented the lethality from seizures in response to nicotine, the anticholinesterase paraoxon, and other convulsants. Moreover, alcoholics benefi t from choline [161] . A potential neuroprotective drug, citicoline, is transformed into citidine and choline when absorbed and has been widely studied in a variety of models with success [162] [163] [164] [165] . One attraction of this drug is that it has virtually no side-effects. The mechanisms of action are not known, but it acts as a choline donor in the metabolic pathways for the biosynthesis of ACh and neuronal membrane phospholipids, and part of its action is presumed to be from the availability of choline [166] .
Choline-estrogen relation
Clinical studies have suggested that estrogens act as a growth and protective factors against disorders aggravated by choline defi ciency in the adult brain [167] [168] [169] . Choline synthesis seems to depend on the presence of a specifi c hepat- [170] [171] [172] [173] .
Cholinergic activity in the forebrain of adult and ovariectomized rats was determined after treatment with estrogen and/or progesterone: an increase of ACh activity was evident after 2 weeks of repeated administration but the effects did not persist after prolonged exposure [174, 175] .
The interactions between androgens and cholinergic neurons have also been investigated in areas particularly involved in cognition and memory in adult male rats. Results demonstrate that the presence or absence of testosterone for 4 weeks infl uences the cholinergic population in specifi c regions [176] .
Conclusion
The aim of this review was to describe a natural, inexpensive, and readily available nutrient which improves mental and physical health, without side-effects. Preven- [27] Lee JE, Giovannucci E, Fuchs CS, Willett WC, Zeisel SH, Cho E.
Choline and betaine intake and the risk of colorectal cancer in men. 
